[1] A compiled empirical global Joule heating (CEJH) model is described in this study. This model can be used to study Joule heating patterns, Joule heating power, potential drop, and polar potential size in the high-latitude ionosphere and thermosphere, and their variations with solar wind conditions, geomagnetic activities, the solar EUV radiation, and the neutral wind. It is shown that the interplanetary magnetic field (IMF) orientation and its magnitude, the solar wind speed, AL index, geomagnetic K p index, and solar radio flux F 10.7 index are important parameters that control Joule heating patterns, Joule heating power, potential drop, and polar potential size. Other parameters, such as the solar wind number density (N sw ) and Earth's dipole tilt, do not significantly affect these quantities. It is also shown that the neutral wind can increase or reduce the Joule heating production, and its effectiveness mainly depends on the IMF orientation and its magnitude, the solar wind speed, AL index, K p index, and F 10.7 index. Our results indicate that for less disturbed solar wind conditions, the increase or reduction of the neutral wind contribution to the Joule heating is not significant compared to the convection Joule heating, whereas under extreme solar wind conditions, the neutral wind can significantly contribute to the Joule heating. Application of the CEJH model to the 16 July 2000 storm implies that the model outputs are basically consistent with the results from the AMIE mapping procedure. The CEJH model can be used to examine large-scale energy deposition during disturbed solar wind conditions and to study the dependence of the hemispheric Joule heating on the level of geomagnetic activities and the intensity of solar EUV radiation. This investigation enables us to predict global Joule heating patterns for other models in the high-latitude ionosphere and thermosphere in the sense of space weather forecasting.
Introduction
[2] Joule heating in the high-latitude ionosphere and thermosphere is an important factor for several critical areas in space weather study, including satellite drag, position control, orbital insertion, and lifetime. The Joule heating has a much more significant effect upon the entire thermosphere than the particle precipitation does, and it affects the dynamics of the thermosphere, including the wind, temperature, composition, and density profiles. Therefore it is of critical importance to fully understand the basic properties of Joule heating, as well as its dependence on various solar wind, geomagnetic activity, and neutral wind conditions.
[3] Several studies have investigated height-integrated Joule heating in the high-latitude ionosphere using data from ground radar and low-altitude satellites or based on empirical models. Foster et al. [1983] used AE-C satellite data to statistically study the hemispheric Joule heating power as a function of K p index, and they found that the hemispheric Joule heating power increases with K p index. Ahn et al. [1983] studied the Joule heating rate as a function of geomagnetic indices AE and AL using limited Chatanika radar data, and they found that Joule heating rate increases with AE and AL indices. Gary et al. [1994] statistically investigated Joule heating distribution using DE-2 data during solar maximum. They found that the Poynting flux flowing into the ionosphere dominates over Joule heating dissipation, and Joule heating distributes along the dawndusk direction during summer and winter and the noonmidnight direction near the equinoxes. Lu et al. [1995] found a good correlation between AE index and the hemispheric Joule heating rate based on a comprehensive data set from ground-and space-based measurements. Later, polar cap (PC) index was proposed as a proxy for Joule heating power obtained from the Assimilative Mapping of Ionospheric Electrodynamics (AMIE) procedure [Chun et al., 1999] . The AMIE procedure [Richmond and Kamide, 1988] provides a global, quantitative estimation of Joule heating under given solar wind and geomagnetic conditions by combining various ground-and space-based measurements. Fujii et al. [1999] found that the Joule heating power has a positive correlation with K p index using European Incoherent Scatter Common Program mode I data. A fair correlation between the hemispheric auroral power and PC index was determined based on Polar satellite data, and the best correlation of them was also found in the predawn and postdusk sectors [Liou et al., 2003] . The Joule heating power calculated from a global MHD simulation [Palmroth et al., 2004] was found to be much smaller than the estimated value given by Ahn et al. [1983] . Olsson et al. [2004] statistically studied Joule heating with Poynting flux method based on Astrid-2/EMMA electric and magnetic field data during solar maximum, and they reported a fitted Joule heating power as a function of K p index, AE index, the Akasofu e parameter and the solar wind kinetic energy flux in given magnetic local time (MLT) and invariant latitude (ILAT) ranges. Their results are in good agreement with those of Foster et al. [1983] and Ahn et al. [1983] but larger than Palmroth et al. [2004] simulation values. Baker et al. [2004] found that Joule heating dominates in the evening sector auroral oval and also in the vicinity of the region-1 current based on SuperDARN measurements and TIMED spacecraft Global Ultraviolet Imager (GUVI) auroral images.
[4] Most of these Joule heating estimations and the causeeffect relationship in the high-latitude ionosphere and upper atmosphere have been studied only intermittently and locally with a limited context and spatial and temporal coverage. Furthermore, it is very difficult to continuously monitor the Joule heating variations that are associated with solar wind conditions and geomagnetic activities over the entire polar region. The Joule heating distribution, as an important input for the upper atmosphere, can have a significant impact on the structure of the thermosphere and ionosphere on both local and global scales. The global spatial and temporal distribution of Joule heating, its dependence on variable solar-interplanetary-magnetosphere conditions, and its impact on the thermosphere and ionosphere have not been well understood. Because of the importance of Joule heating and the difficulty of calculating it, it is of great interest to the space physics community to construct an empirical model which provides a quick and efficient way to evaluate global Joule heating input to the thermosphere.
[5] For this purpose, we construct a compiled empirical global Joule heating (CEJH) model based on the fact that its validity and effectiveness depend on the validity and effectiveness of its constructing models. As a first-order estimation, this model can be used to study the global distribution of Joule heating and capture its basic behavior under different solar wind and IMF parameters, geomagnetic activities, and solar EUV radiation conditions. In this paper, we first describe the approach to construct the CEJH model in section 2. In section 3, we study the dependence of Joule heating on solar wind and IMF conditions, K p index and F 10.7 index, as well as the neutral wind. In section 4, we apply the CEJH model to the 16 July 2000 magnetic storm and compare the model outputs with the results obtained from AMIE. Finally, we discuss and summarize the main results of this study in section 5.
Compiled Empirical Global Joule Heating (CEJH) Model
[6] Assuming that Joule heating is uniformly deposited in a limited altitude range at a particular altitude, say, 130 km in the high-latitude ionosphere and upper atmosphere at which the maximum Joule heating occurs [Deng et al., 1995] , the height-integrated Joule heating rate Q J at a location of interest can be expressed as
where E is the ionospheric electric field, B is the magnetic field, U is the neutral wind velocity and 2 is the heightintegrated conductivity tensor, and (E + U Â B) is the electric field in the frame of the neutral wind. The altitudeadjusted corrected geomagnetic (AACGM) coordinate is adopted in our calculation of the height-integrated Joule heating rate within a spherical shell at a particular altitude. In the coordinate, r is the radial distance, q is the corrected geomagnetic (CGM) latitude, and f is the MLT. In this frame, the height-integrated conductivity tensor, 2, can be expressed as
whose components are given by
where I is the inclination of the geomagnetic field B, S P and S H are the height-integrated Pedersen and Hall conductivities, respectively. Plugging (1), we can get the height-integrated Joule heating rate Q J in terms of convection heating rate, Q C , and neutral wind heating rate, Q W .
When the ion drift velocity, (E Â B)/B 2 , is much larger than the neutral wind velocity, U, or the effect of the neutral wind is negligible (Q W % 0), equation (3) simply represents the convection Joule heating rate, Q C . From equation (3), it is noted that Q W depends not only on neutral wind speed and direction but also on electric field, magnetic field and the Pedersen conductivity. Lu et al. [1995] pointed out that the neutral wind effect on Joule heating could be significant at low-altitude ionosphere and upper atmosphere. In order to capture the basic characteristics of the Joule heating, we construct the CEJH model based on currently most robust and popular empirical models, which are used to calculate electric field E, magnetic field B, the Pedersen conductivity S P , and the neutral wind velocity U.
Electric Potential
[7] Several empirical models have been developed to describe the electric potential in the high-latitude ionosphere. These models can provide inputs for simulation and space weather prediction models to study the basic behavior of polar Joule heating. The Heppner and Maynard [1987] model is based on the electric field measurements obtained from DE-2 satellite, and it provides convection patterns with a limited coverage for different IMF conditions. Models developed by Lu et al. [1989] , Rich and Hairston [1994] , Weimer [1995] , and Ruohoniemi and Greenwald [1996] provide the basic structure of the ionospheric convection with a wide variety of IMF orientations and seasonal effects. Ridley et al. [2000] presented an empirical model for ionospheric electric potential based on the results from AMIE and discussed the correlation of the electric potential with the IMF B y and B z components. The statistical models presented by Boyle et al. [1997] , Papitashvili et al. [1994 Papitashvili et al. [ , 1999 , Weimer [1995 Weimer [ , 2001 , and Shepherd et al. [2002] allow one to predict the electric potential pattern for any IMF orientation with more versatility than the previous models. It is noted that Weimer [2001] developed an improved model (noted as the Weimer 2K model) of the ionospheric electric potential for a wide variety of IMF orientations, solar wind conditions, Earth's dipole tilt, and AL index values. The previous empirical models (as cited above) do not consider effects associated with nightside processes influenced by substorm activities in the magnetotail, whereas the Weimer 2K model includes the substorm effect. In the CEJH model therefore we adopt the Weimer [2001] electric field model to calculate the ionospheric electric potential and evaluate the electric field. However, caution must be taken when using the results from the Weimer 2K model when its input parameters exceed the coverage of the original data set.
[8] The electric field E in the high-latitude ionosphere can be decomposed into a mean electric field E 0 and the electric field variation dE, that is, E = E 0 + dE. The mean electric field E 0 driven by solar wind/IMF conditions can be specified using one of the empirical models as we mentioned, such as the Weimer 2K model. It is suggested by a number of authors that dE in the high-latitude ionosphere has been shown to play a significant role in highlatitude energy dissipation including Joule heating, and neglecting it may cause calculation error of Joule heating on different temporal and spatial scales [Heppner et al., 1993; Papitashvili et al., 1994; Codrescu et al., 1995 Codrescu et al., , 2000 Crowley and Hackert, 2001; Matsuo et al., 2003] . Nevertheless, as the first step to construct the CEJH model, we do not include this effect in our calculations because of the lack of available specification models for such effect. However, if a good model of high-latitude ionospheric electric field variations is available, it is easily plugged into the CEJH model.
[9] The polar cap ionosphere has been shown to be able to reconfigure promptly after the arrival of an IMF structure [Weimer, 2001] ; therefore it is very important to determine the time shift between the variations of the upstream solar wind and IMF parameters and their associated changes of the high-latitude ionospheric electric fields. The method given by Shepherd et al. [2002] is used to determine the time shift: (1) The time shift, t sw , from the upstream solar wind observer (the satellite's Sun-Earth line position, X sc ; the x component of the solar wind velocity, V xsw ) to the bow shock; (2) The time delay, t mp , from the bow shock to the magnetopause using the average shocked solar wind velocity with a reduction factor of 8; and (3) The estimated time, t Alfven (=1 -3 min), of Alfvénic perturbation propagating from the magnetopause to the high latitude ionosphere. The bow shock position, X bs , and magnetopause position, X mp , along the Sun-Earth line can be obtained from Chao et al. [2001] bow shock and magnetopause models. The total time shift, T shift , can be written as
The uncertainty in the determination of the time shift may be greatly reduced by using appropriate techniques to calculate these three different time shifts and choosing accurate bow shock and magnetopause models. Thus a caution must be advised when using time shifts from these formulae when upstream solar wind/IMF conditions highly vary with time.
Magnetic Field
[10] In our calculations we use the International Geomagnetic Reference Field (IGRF) model and the Tsyganenko model, which include the contributions from the inner geomagnetic field and external magnetospheric sources: the ring current, magnetotail current system, magnetopause currents, and the large-scale system of field-aligned currents [Tsyganenko, 1989] . For the low-altitude ionosphere and upper atmosphere, the main part of the geomagnetic field comes from the IGRF model for the inner geomagnetic field and a minor correction is from the Tsyganenko model.
Pedersen Conductivity
[11] The ionospheric conductivities, including the Hall and Pedersen conductivities, have been considered as important quantities in the estimation of the Joule heating in the high-latitude ionosphere and upper atmosphere. Even though how the ionospheric currents affect the conductivities (and vice versa) is not well understood, it is commonly assumed that changes in the ionospheric conductivities are mainly controlled by the solar EUV radiation, of which F 10.7 is a proxy, and particle precipitation [Aksnes et al., 2002; Zhang et al., 2004] . Because of the importance of the ionospheric conductivities in the coupled magnetosphereionosphere-thermosphere system, a number of global em-pirical and physical models of the ionospheric conductivities have been developed based on particle precipitation, solar radio flux, and geomagnetic variation [Spiro et al., 1982; Hardy et al., 1987; Rich et al., 1987; Germany et al., 1994; Ahn et al., 1998; Gjorloev and Hoffman, 2000a, 2000b; Semeter and Doe, 2002; Aksnes et al., 2002] .
[12] Since ionospheric conductivities are not directly measured parameters, any empirical models to obtain these parameters must involve some assumptions. For simplicity, the empirical models of particle precipitation by Hardy et al. [1987] and solar radio flux by Rich et al. [1987] are used in the CEJH model. These two models are controlled by a number of input parameters including the geomagnetic latitude and longitude, F 10.7 index, the solar zenith angle, and K p index. The conductivities due to electron precipitation may be significant relative to that from solar radio fluxes during solar maximum [Hardy et al., 1987] , even though the conductivities from the solar radio fluxes in dayside dominate in most times, over that from electron precipitation in nightside. In our calculation, the total Pedersen conductivity can be expressed as
where S p (precipitation) is the precipitation produced conductivity obtained directly from the Hardy model [Hardy et al., 1987] , and S p (solar) is the solar EUV produced conductivity calculated from the Rich model [Rich et al., 1987] with the form 
where c is the solar zenith angle, d sun and f sun are the geomagnetic latitude and longitude of the Earth's subsolar point, and l and f are the geomagnetic latitude and longitude of the location of interest.
[13] During substorms, the use of empirical model conductivities from particle precipitation could significantly affect the Joule heating rate and the distribution of Joule heating. The importance of conductivities produced by electron precipitation to the dynamics of the auroral oval depends on its magnitude relative to the conductivity produced by the solar radio flux. The Hardy model can be used to calculate the global patterns of the height-integrated conductivity produced by the auroral electron precipitation for seven levels of geomagnetic activity (parameterized by K p ). However, a major limitation of this conductivity is that it uses a 3-hour K p index and cannot reflect processes of much shorter scales because it contains a mixture of all IMF orientations and substorm phases (the typical timescale of auroral disturbances is minutes). As a first-order approximation, it can be used to estimate the global ionospheric conductivities in the CEJH model. In addition, this model can be easily replaced in the compiled model when better precipitation conductivity models are available.
Neutral Wind
[14] Solar wind and IMF conditions determine the levels of geomagnetic activities. The geomagnetic activity in turn controls the strength of high-latitude electric field and the intensity of particle precipitation. Particle precipitation enhances ionospheric electron density and thus ionospheric conductance in the auroral region. There have been a few studies to relate Joule heating rate to geomagnetic activity indices based on radar and satellite observations as discussed in section 1. However, most of these studies do not include the effect of thermospheric neutral winds on the Joule heating rate due to the difficulty in measuring the neutral winds. Neutral winds of 200 -400 m/s can significantly influence the total Joule heating rate [Rich et al., 1987] . It has been shown that neutral winds play an important role in deciding both the strength and spatial distribution of Joule heating [Lu et al., 1995; Thayer et al., 1995; Emery et al., 1999; Wang et al., 2004] . It is thus crucial to include neutral winds in evaluating the impact of energy input (Joule heating) from the solar wind and the magnetosphere on global thermospheric and ionospheric structures [Ridley et al., 2003; Richmond et al., 2003] .
[15] Global measurements of neutral winds are not available; thus an empirical model has to be used to calculate U and estimate Q W . The Horizontal Wind Model (HWM93) is an empirical model which was developed based on MF/ Meteor radar observations, rocket data, and CIRA86 data, and covers all altitudes ranging from the ground to the thermosphere [Hedin et al., 1996] . In the CEJH model, we use the horizontal wind model to calculate the neutral winds with F 10.7 , A p and geographic location of interest as input parameters. We need to mention here that the assumption of uniform U in the vertical direction in equation (1) is some sort of questionable even though it is more reasonable for E and B. However, when Q W is not significant compared to Q C and only a thin shell layer is considered at a particular altitude [Baker et al., 2004] , as a first-order approximation to estimate the influence of the neutral winds, this assumption should be appropriate.
Dependence of Joule Heating on Various Parameters
[16] In this section we use the CEJH model as described in the previous section to study high-latitude Joule heating patterns under different solar wind and IMF conditions, geomagnetic indices, and solar radio fluxes, in order to reveal the basic properties of the Joule heating pattern and to investigate the dependence of Joule heating on these parameters. First, we study the dependence of the Joule heating pattern on solar wind conditions, geomagnetic indices, and solar radio fluxes in the absence of the neutral wind. Then we study the effect of the neutral wind on the Joule heating pattern and the dependence of the neutral wind effects on solar wind and IMF conditions, geomagnetic indices, and solar radio fluxes.
Dependence of Joule Heating on the IMF
[17] High-latitude Joule heating patterns obtained from the CEJH model for IMF clock angles increasing from which the magnetospheric imposed electric potential vanishes [Weimer, 2001] . In this paper the area encircled by this black solid line is defined as the polar potential area, where the electric potential is considered, and where the coupling between the magnetosphere and ionosphere occurs.
[18] In Figure 1 , the IMF clock angle controls the Joule heating patterns. Northward IMF (zero clock angle) leads to a minimum Joule heating and the smallest polar potential size. Increasing the magnitude of the IMF clock angle results in an increase of Joule heating with different patterns. Positive and negative IMF clock angles with the same magnitude, such as 135°and À135°, produce roughly antisymmetric patterns but with some differences. Southward IMF generates the most Joule heating power, the largest potential drop and polar potential size. The boundary of the polar potential also moves to lower latitudes as the magnitude of the IMF clock angle increases. The more southward the IMF, the larger the polar potential size.
[19] Figure 2 shows the dependence of the Joule heating pattern on IMF B T for a fixed IMF clock angle of 135°. With the increase of B T , the potential drop increases as shown in the upper right corner of each box. Also, the Joule heating pattern expands to lower latitudes; the peak of the Joule heating rate moves to the dawn sector and the peak value also increases. Meanwhile, the Joule heating rate and the Joule heating power increase over the hemisphere as B T Figure 2 . Dependence of Joule heating pattern on the magnitude of the IMF for a fixed clock angle of 135°. B T is increased from 1 to 33 nT for every 4 nT and it is noted in the upper left of each box. All the other settings are the same as those in Figure 1. increases. The nightside Joule heating rate becomes stronger with larger B T . Under extreme solar wind conditions, such as those during the 16 July 2000 storm, the solar wind and IMF are highly disturbed as shown in Figure 13 . It would be inferred that this highly disturbed strong IMF can produce complicated Joule heating patterns, high Joule heating rate, and large Joule heating power and polar potential size (see section 4).
Dependence of Joule Heating on V sw and N sw
[20] Figure 3 shows the Joule heating patterns with various solar wind speed from 300 to 700 km/s for every 50 km/s, Figure 4 shows the dependence of the Joule heating pattern on different solar wind density values from 1 to 17 cm À3 for every 2 cm
À3
, both for a fixed IMF clock angle of 135°. The V sw and N sw values are noted in the upper left of each box of Figures 3 and 4 , respectively. The other settings are the same as those in Figure 1 .
[21] The solar wind dynamic pressure is one of the important factors in controlling the convection potential [Weimer, 2001] . It is shown in Figure 3 that increasing the solar wind speed can produce larger potential drop and enhance the convection electric field. Polar potential size is slightly increased as the solar wind speed increases. Also, increasing the solar wind speed results in an increase of the Joule heating rate and power. In contrast, increasing the solar wind number density does not produce more Joule heating as shown in Figure 4 because the potential drop does not increase. In both Figures 3 and 4 , one can see that the Joule heating pattern does not change much with the increase of the solar wind speed and density. It can be seen that, however, the Joule heating rate peak value, the potential drop, and the Joule heating power increase by 10 mW/m 2 , 50 kV, and 167 GW, respectively, and the polar potential area expands to lower latitudes, when the solar wind speed increases by 400 km/s. Whereas the Joule heating rate peak value, the potential drop and the Joule heating power decrease but the polar potential size slightly increases as the solar wind density increases. From Figure 13 , the solar wind speed is much higher than the normal solar wind speed during this super storm; it is expected thus that this super fast solar wind could greatly enhance Joule heating (see section 4).
Dependence of Joule Heating on AL and K p Indices
[22] It is known that the magnetospheric substorm (parameterized as the AL index) can significantly affect the cross polar potential pattern [Weimer, 2001] ; therefore it should be an important factor to be considered in the calculation of the Joule heating. Figure 5 shows the depen- dence of the Joule heating pattern for a fixed IMF clock angle of 135°for various AL index values from 0 nT to À1600 nT for every 200 nT, while all the other inputs are the same as those in Figure 1 . In Figure 5 , one can see that the total Joule heating power, the potential drop, and the polar potential size increase as AL index increases. The Joule heating rate in the sector of the midnight-dawn intensifies with increasing AL index. The peak of the Joule heating rate shifts to the postnoon sector from the prenoon sector as AL index increases, but the peak Joule heating rate does not change much.
[23] K p or A p index indicates the disturbance level of geomagnetic activities in the polar region [Hardy et al., 1987] , and therefore it is another important parameter considered in the CEJH model. Figure 6 presents Joule heating patterns for a fixed IMF clock angle of 135°for various K p index values from 1 to 9. The Joule heating power and nightside Joule heating rate increase as K p index increases from 1 to 6. The Joule heating pattern does not change anymore when K p > 6, because the Pedersen conductivity from Hardy et al. [1987] model does not change when K p > 6. In Figure 6 , the polar potential size and the potential drop do not change due to the absence of K p index in the electric field model. The Joule heating in the sector of the midnight-dawn also intensifies with increasing K p index (due to the increase of Pedersen conductivity). [24] It is noted that the AL, K p , or A p indices are not independent to each other. It should be of importance to find the relationships between them and upstream solar wind parameters in order to effectively estimate the Joule heating in the high-latitude ionosphere.
Dependence of Joule Heating on F 10.7 and the Earth's Dipole Tilt
[25] The Pedersen conductivity (see equation (5)) is a function of the solar zenith angle, the geomagnetic latitude and longitude of the Earth's subsolar point, as well as the geomagnetic latitude and longitude of the location of interest. Besides these parameters, it mainly depends on solar EUV radiation. Figure 7 shows Joule heating patterns for a fixed IMF clock angle of 135°with different solar radio flux F 10.7 index values from 60 to 300 for every 30. F 10.7 index value is noted in the upper left of each box and all the other settings are the same as those in Figure 1 . It is shown that the Joule heating pattern does not change much, but the peak Joule heating rate enhances as F 10.7 index increases and the total Joule heating power also increases. Thus the intensification of the solar EUV radiation, indicated by F 10.7 , can significantly increase the Joule heating over the global scales. [26] Note that the potential drop is influenced by the dipole tilt angle and the IMF clock angle at which the potential drop peak location depends on the season or the dipole tilt angle [Weimer, 2001] . It is expected that the Earth's dipole tilt affects the Joule heating distribution. Figure 8 presents the dependence of the Joule heating pattern on the Earth's dipole tilt with a fixed IMF clock angle of 135°for different Earth's dipole tilt angles from 0°t o 32°for every 4°. The global pattern of the Joule heating, the total Joule heating power, the potential drop, and the polar potential size do not change much as the tilt angle increases. From Figure 1 one can see that the Joule heating patterns for the same dipole tilt are different for different IMF clock angles. However, the Joule heating pattern does not change much with increasing dipole tilt for a fixed IMF clock angle.
Dependence of Joule Heating on the Neutral Wind
[27] From the term Q W in equation (3), one can see that the effect of the neutral wind on the Joule heating depends on the Pedersen conductivity, electric field, geomagnetic field, and the neutral wind velocity at the high-latitude ionospheric E region heights. It is also noted that the geomagnetic field and the neutral wind distribution, as Figure 7 . Dependence of the Joule heating pattern on the solar radio flux F 10.7 for a fixed IMF clock angle of 135°. F 10.7 index is increased from 60 to 300 for every 30 and it is noted in the upper left of each box. All the other settings are the same as those in Figure 1 . discussed in section 2, only depend on dipole tilt, K p or A p index, F 10.7 index, and the location of interest. In the following calculation, for simplicity, we only consider the term Q w in equation (3) in this section, that is, the neutral wind contribution to the Joule heating.
[28] Figure 9 shows the Joule heating patterns for various IMF clock angles from À180°to 180°for every 45°. All the other inputs are the same as those in Figure 1 . The IMF clock angle, the Joule heating power, the minimum and maximum Joule heating rates (indicated with asterisks and triangles) are shown in the upper left, upper right, lower left, and lower right corners of each box. The figure shows that there are several highs and lows in the Joule heating distributions with peak in the postnoon sector for all IMF clock angles except for the IMF clock angle of 90°. It is shown that the total Joule heating power and the Joule heating rate only from the neutral wind effect are quiet small compared with those in Figure 1 . Since the neutral wind does not affect the potential drop as discussed in section 2, the potential drop and the polar potential size in Figure 9 are the same as those in Figure 1 for the corresponding IMF orientation. The neutral winds from HWM93 are the same for different IMF orientations, and the changes in the Joule heating thus come only from the potential drops. It is also noted from Figure 9 that the IMF orientation controls the Joule heating pattern, and the Joule heating rate and the Joule heating power both increase as the magnitude of the IMF clock angle increases.
[29] AL index plays an important role in determining the polar potential pattern, and therefore it also affects the Joule heating rate, the Joule heating pattern, and the Joule heating power when the neutral wind distribution is given. Figure 10 shows the Joule heating patterns for a fixed IMF clock angle of 135°. AL index varies from 0 to À1600 nT for every 200 nT and it is noted in the upper left of each box. All the other inputs are the same as those in Figure 9 . The figure shows that there are several highs and lows in the Joule heating distributions. The peak of the Joule heating rate stays in the dusk sector as the magnitude of AL increases. One can see that the Joule heating power increase when increasing the magnitude of AL index, but the Joule heating pattern does not change significantly and the polar potential size increases slightly. Therefore it can be inferred that an intense substorm (corresponding to a strong electric field) could enhance the neutral wind contribution to Joule heating and increase the total Joule heating power. We have noticed that it is not appropriate to set K p or A p index as a constant for neutral winds when the magnitude of AL index increases. We will find the relation between K p and AL indices in the future study.
[30] Given AL index and solar wind and IMF parameters, i.e., the electric potential pattern, K p (or A p ) index and F 10.7 index are the main factors to control the neutral wind distribution. Figure 11 shows the dependence of the Joule heating pattern on K p index. The maximum peak of the Joule heating rate shifts from prenoon to postnoon as K p index increases, while the minimum peak stays in dayside. With the increase of K p index, particle precipitation, the Pedersen conductivity and the neutral winds intensify, and the magnitude of the positive Joule heating rate exceeds that of the negative Joule heating rate. Thus the Joule heating power increases. It is also shown that the Joule heating patterns change significantly as K p index increases. In contrast, the enhancement of the solar radio flux increases the total Joule heating power as shown in Figure 12 . Figure 12 also shows that the Joule heating pattern does not change much for different F 10.7 index values. Also, the peaks of the Joule heating rate always stay in duskside when F 10.7 index increases.
[31] Given the electric potential pattern, K p (or A p ) index and F 10.7 index control the neutral wind distribution, but the neutral wind speed from HWM93 is only several hundreds m/s at low altitude (such as 130 km) over the polar region. Therefore from Figures 11 and 12 , one can see that the neutral wind contribution to the Joule heating is not significant at low-altitude ionosphere and upper atmosphere compared with the convection Joule heating.
[32] A surprising finding from the above parametric studies is that Joule heating in the high-latitude ionosphere is stronger at the dayside than at the nightside. It is also found that there is a strong dawn-dusk Joule heating asymmetry over the nightside, with weaker Joule heating in the premidnight than the postmidnight sector. Since the Joule heating rate is proportional to the square of the electric field, it is expected that Joule heating is more closely related to the distribution of the ionospheric electric field. However, the different ionospheric conductivities may also have a strong influence on the distribution of Joule heating [Lu et al., 2001] . The strong noon-midnight asymmetry of Joule heating distribution is mainly caused by the strong Pedersen conductivity in the dayside, whereas the dawn-dusk asymmetry of Joule heating is partially produced by the asymmetric Pedersen conductivity from the Hardy model [Hardy et al., 1987] and is mainly produced by the weak electric fields in the premidnight region. The Hardy model provides two conductivity maxima in the nightside auroral oval: one Figure 11 . The Joule heating patterns (with only neutral wind effect) for a fixed IMF clock angle of 135°with various K p index values from 1 to 9, which are noted in the upper left of each box. All the other inputs are the same as those in Figure 9. near the midnight and the other in the postmidnight region. This characteristics of the Hardy model may be responsible for the lower Joule heating rate in the premidnight region, as clearly shown in Figure 6 . The clockwise tilted electric potential distribution along the dawn-dusk can also produce weaker electric fields in the premidnight region, which can also result in weaker Joule heating in this region.
Application of the CEJH Model to the 16 July 2000 Storm
[33] In section 3 we have investigated the dependence of the Joule heating pattern, Joule heating power, potential drop, and polar potential size on some solar wind and IMF parameters, AL, K p , and F 10.7 indices, as well as the neutral wind. In this section, we apply our compiled empirical model to the 16 July 2000 storm, which has been widely studied in geophysics community (Solar Physics, 204, 2001) , and then compare the outputs of our model with the results from AMIE.
[34] Figure 13 shows some time-shifted solar wind and IMF parameters, and AL and K p indices on 16 July 2000. In this figure, the IMF, AL, and K p are interpolated according to the solar wind plasma data with 5-min time resolution. The solar radio flux F 10.7 index is fixed at 226 for our calculation. The solar wind plasma and IMF data are obtained from the ACE satellite and then shifted to the highlatitude ionospheric polar region using equation (4). It is noted that the time shift determined by equation (4) may have some errors, partially because the IMF structure is often tilted with respect to the Sun-Earth line [Collier et al., 1998 ]. Therefore there may be a time shift between the outputs of the CEJH model and the results from AMIE.
[35] The potential drop and the Joule heating power are calculated from the CEJH model, taking input parameters from Figure 13 . We also use AMIE to calculate the potential drop and the Joule heating power for the same day. The comparison of the outputs of our model with the results from AMIE is shown in Figure 14 . The difference between our model results with (black solid line) and without (red dots) AL indices is quite small, and thus the effect of geomagnetic substorm on the potential drop during this storm is not significant as shown in the top panel. It is noted that ''without AL index'' means that we do not consider the effect of AL index on the potential drop in our calculation [Weimer, 2001] . The potential drop values calculated from our model are approximately consistent with those from AMIE except for the short period from 0200 UT to 0400 UT. Because the Weimer electric field model may not have a saturation function for large values of the solar wind speed and IMF magnitude [Siscoe et al., 2002] , this model overestimates the true polar cap potential during that period in which the solar wind plasma and IMF are highly disturbed as shown in Figure 13 . Owing to the same reason, similar thing happens to the Joule heating power results, as shown in the bottom panel, and geomagnetic substorm does not significantly affect the Joule heating power for this storm. For highly disturbed solar wind conditions, our compiled empirical model produces higher Joule heating power than AMIE, whereas it gives lower Joule heating power than AMIE for less disturbed solar wind conditions. It is shown that the total Joule heating power calculated from our compiled empirical model is overall consistent with that from AMIE except for the short period with large solar wind speed and IMF magnitude.
[36] Figure 15 shows the snapshots of electric potentials À523 nT and K p = 6, and F 10.7 = 226. There is a 39-min propagation delay to 0450 UT.
[37] In the top panel, the positive and negative potentials are indicated by solid lines and dashed lines, respectively. The minimum potential (indicated with a triangle), À64 kV, the maximum potential (indicated with an asterisk), 64 kV, and the potential drop, 128 kV, are noted in the lower left, lower right, and upper left corner of the top left panel. The potential drop, 119 kV, is noted in the upper right corner of the top right panel. It is shown that the potential patterns resulting from the Weimer 2K model and AMIE are quite similar in large spatial scales, mainly with two convection cells. The potential drop from the Weimer 2K model is slightly higher than the potential drop from AMIE. These clockwise tilted potentials produce weak electric fields in the prenoon and premidnight regions. The middle panels display the total hight-integrated Pedersen conductivities from the Hardy model and the Rich model (left plot) and from AMIE (right plot). The maximum values of conductivities, 14.7 S and 20 S, are noted in the lower right corner of the left plot and in the lower left corner of the right plot. In order to compare the structures of these conductivity distributions, we use different color bars. The conductivities from the two models have similar structures except that there is a gap in the premidnight region at around 2000 UT. In the bottom panel, the distributions of the Joule heating from the CEJH model and AMIE show similar large-scale structures, which are confined to the same regions in the high-latitude ionosphere but also have different detailed features. The total Joule heating power, 512 GW, from the CEJH model is higher than the AMIE Joule heating power, 436 GW. Noted that different color bars are used in order to compare large-scale structures of the Joule heating distributions.
[38] We can see that results from the CEJH model and AMIE as shown in Figure 15 display similar large spatial structures but with different detailed features. However, we have to admit that these comparisons do not mean that the Joule heating rate and distribution resulting from the CEJH model are real or correct unless all submodels included in this compiled model are accurate and reliable. On the another hand, AMIE needs statistical conductance model to provide initial values for its run and the reliability of its outputs also depends on the validity and reliability of the statistical conductivity model [Lu et al., 2001] . In addition, the current spatial resolution of AMIE significantly wipes away small-scale gradients associated with localized enhanced strong convection and plasma flows [Lu et al., 2001] . Therefore the large-scale structures from the CEJH model have, as a first-order estimation, qualitatively consistent with the results from AMIE, but they have different detailed features.
Discussion and Summary
[39] It is noted that the CEJH model depends on certain electric potential, magnetic field, Pedersen conductivity, and neutral wind models. The CEJH model is based on the fact that its validity and effectiveness depend on the validity and effectiveness of its constructing models. That is why only the most robust and popular models are selected. The main purpose is to construct an empirical model to provide a quick and efficient way to evaluate global Joule heating input to the thermosphere, instead of developing complicated three-dimensional model to calculate Joule heating. If one model does not show its dependence on a particular parameter, it is either because there is no such strong dependence or because of the limitation of the model. For the former case, it is reasonable that the combined model dependence on particular parameters is driven by a certain submodel. Since the electric potential from the Weimer 2K model is directly driven by the solar wind/IMF parameters, it is natural that the Joule heating is also directly driven by them in our compiled model, even though some other parameters contributing to Joule heating are not directly driven by solar wind/IMF parameters, e.g., auroral particle precipitation and solar radio flux. However, as a first-order estimation, it is appropriate to use this model to study the global distribution of Joule heating and capture its basic behavior under different solar wind and IMF conditions, geomagnetic activities and solar EUV radiation conditions. For the later case, we need to use better submodels, when available, to replace the currently used submodels. Our compiled empirical model provides a very flexible infrastructure for such improvements. Even though the number of satellites and ground-based instruments has increased significantly over the past decades, data coverage is far from complete for developing fully functional empirical models. Thus it is required to plug better empirical models in the CEJH model when they are available:
[40] 1. The electric potential model in the CEJH model may need a saturation function to prevent overestimating the potential drop for large values of the solar wind speed and IMF because the Weimer 2K model dose not have a saturation function for large values of the solar wind speed and IMF magnitude. The electric field variation model might also be required [Matsuo et al., 2003] , since neglecting ionospheric electric field variations may cause calculation error of Joule heating on different temporal and spatial scales.
[41] 2. It is desirable that for higher altitude ionosphere, a more realistic geomagnetic field model, such as Tsygananko 2004 model, be included in the CEJH model. However, for low-altitude ionosphere, the IRGF model and the Tsygananko 1989 model should be appropriate to calculate the geomagnetic field in the CEJH model.
[42] 3. Hardy model uses a 3-hour K p index and cannot reflect processes of much shorter timescales because a mixture of various solar wind/IMF conditions and substorm phases can occur within 3 hours (the typical timescale of auroral disturbances is minutes). Newly updated Pedersen conductivity models from particle precipitation and from the solar radio flux are expected to be included in the CEJH model instead of Hardy et al. [1987] and Rich et al. [1987] models.
[43] 4. The neutral winds from the HWM93 model is of an average neutral winds. Since only midlatitude and lowlatitude neutral winds can be predicted quite well by this model, we will also use the Thermosphere-Ionosphere Nested Grid (TING) model to calculate the neutral wind in the CEJH model, instead of the HWM 93 model. The TING model is a physics-based first-principal model that can perform high-resolution simulations in a specified local area, such as high-latitude regions [Wang et al., 1999] . We will use observational data such as those from Fabry-Perot Interferometers (FPI) measurements to evaluate neutral winds obtained from both the TING model and HWM93 and perform a more detailed study on the neutral wind effect on the energy deposition in the upper atmosphere during geomagnetic storms.
[44] As a demonstration, the CEJH model is used to study the dependence of the Joule heating pattern on the IMF clock angle, AL, K p , and F 10.7 indices, other solar wind parameters such as B T , V sw , and N sw , the Earth's dipole tilt, and the neutral wind. The results of the CEJH model help us understand the fundamental physical processes in the high-latitude ionosphere and upper atmosphere. The outputs of this model, such as the Joule heating power and the global Joule heating pattern, can be used by other models as inputs to examine large-scale energy deposition during disturbed geospace conditions and to describe the global structure and dynamic properties of the thermosphere and ionosphere. Below are what we find using our model in this study:
[45] 1. The CEJH model is constructed based on existing popular and robust empirical models, and as a first-order estimation, this model can be used to predict the Joule heating pattern, the Joule heating power, and the polar potential size in the high-latitude ionosphere and upper atmosphere.
[46] 2. It is found that the IMF orientation and its magnitude, the solar wind speed, AL index, K p index, and F 10.7 index are important parameters to control the Joule heating pattern, the Joule heating power, and the polar potential size, as well as the effects of the neutral wind. Other parameters, such as N sw and the Earth's dipole tilt, play less important roles for them.
[47] 3. The neutral wind could increase or reduce the Joule heating but it mainly depends on the IMF orientation and its magnitude, the solar wind speed [Ridley et al., 2003; Richmond et al., 2003] , AL index, K p index, and F 10.7 index. It is shown that the increase or reduction of the neutral wind contribution to Joule heating is not significant comparing with the convection Joule heating for less disturbed solar wind conditions, whereas under extreme solar wind conditions it can significantly contribute to Joule heating [Lu et al., 1995; Emery et al., 1999] .
[48] 4. The results obtained from the CEJH model is basically consistent with those from AMIE. Because of the lack of a saturation function, our model gives higher values for the polar cap potential drop and the Joule heating power during highly disturbed solar wind conditions than AMIE, whereas it gives lower values for less disturbed solar wind conditions than AMIE.
[49] The CEJH model can be used as a complement to AMIE because of the following reasons: (1) AMIE depends on various data sets available, including the ion drift, auroral precipitation measurements and observations, and auroral UVI images from the DMSP F10, F12, and F13 satellites, the NOAA 12 and 14 satellites, the Polar satellite, six SuperDARN high-frequency radars, and the Millstone Hill and Sondrestrom incoherent scatter radar. It also depends on magnetic perturbation data from ground magnetometers [Lu et al., 2001] . The locations of satellites and radars provide a limited geographical coverage. For example, SuperDARN covers 1800 MLT centered around the dusk-midnight sector. The CEJH model can be used to provide global coverage, especially to fill the gaps when there is no observed data available; (2) AMIE underestimates Joule heating during strong storms [Chun et al., 1999] ; and (3) AMIE currently does not include the effects of the thermospheric neutral winds [Lu et al., 2001] . In addition, AMIE has been widely accepted as a research tool and still needs to improve data accessibility for space weather prediction. Even though the CEJH model gives higher values for the Joule heating power and potential drop during strong storm than AMIE, it does provide a quick and efficient way to predict the Joule heating power, the polar potential size, and the Joule heating patterns on global scales for space weather forecasting.
[50] It is noted that all input-driven parameters to the submodels are required to be available in advance when the CEJH model is used. Besides accessing solar wind and IMF data, it is necessary to develop an accurate method to estimate AL, K p , or A p indices using solar wind plasma and IMF data, since they are not independent of each other in the high-latitude polar region. It is also necessary to predict F 10.7 index. For example, E 10.7 is another solar radio flux agency that can be used as F 10.7 [Tobiska et al., 2000] . After achieving these goals, it is possible to use the CEJH model to predict the global Joule heating patterns and the Joule heating power in the high-latitude ionosphere and upper atmosphere in the sense of space weather forecasting.
[51] The question might arise about how to justify why we use the CEJH model to predict the global Joule heating patterns, instead of using some complex three-dimensional models which should give better results for the basic properties. We have to realize that the Joule heating patterns from the CEJH model may be unreliable unless all submodels included in the CEJH model are accurate. One of the main purpose of the CEJH model is to provide a quick way to effectively and reasonably predict ionosphere Joule heating. This special purpose determines that we have to use some efficient empirical models in this study. The empirical models in the CEJH model have been widely used in the space physics community, just like many current publications using much simplified models, say dipole in some inner magnetosphere studies. More importantly, as a first-order estimation, the CEJH model helps understand the contributions of individual physical variations, as well as changes of Joule heating strength.
